ABSTRACT
INTRODUCTION
Researchers have yet to observe integrated HIV-1 in one take, hindering locusspecific studies. Complicating matters is the cycling that all orterviruses [1] undergo between two major states (as infectious virion RNA and integrated proviral DNA), repetitive viral sequences like long terminal repeats (LTRs), non-integrated forms [2] , and alternative splicing of viral mRNAs [3] . Short read DNA sequencing (less than 150 base pairs (bp) in most reported experiments, but up to 500 bp) provides some information, but analyses require high coverage and extensive effort (non-exhaustive examples [4, 5] ).
Repetitive sequences in HIV, rarity of integration events in vivo, and non-integrated HIV limit the ability to assign DNA variants to specific loci within each provirus, as well as the proviral integration sites (partially reviewed in [6] ). Others have studied the products of HIV transcription by analyzing cellular HIV mRNAs with long read sequencing, but with reverse transcription of these viral RNAs [7] , which are well known to diverge from provirus. Despite progress, researchers have yet to observe the genome of HIV-1 as complete provirus (integrated DNA), hindering locus-specific studies. To this end, current long read DNA sequencing clearly surpasses the limitations of read length of leading nextgeneration sequencing platforms. Here I used the MinION sequencer (Oxford Nanopore Technologies, Oxford UK) to sequence HIV-1 as plasmid (pHXB2), with the goal of evaluating the technology for future applications.
METHODS

HIV-1 plasmid
A plasmid containing the HIV-1 reference strain HXB2 was acquired from the AIDS Reagent Program. HXB2 is one of the earliest clinical isolates, but it was unknown whether this plasmid (a molecular clone of the original isolate) was ever sequenceverified after the reference sequence (below) was deposited.
HIV-1 sequences
The reference sequence of HXB2 is from NCBI, Accession number K03455.1.
DNA sequencing
Sequence of a plasmid containing HXB2 was sequence-verified with long-read nanopore sequencing on the MinION (Oxford Nanopore Technologies, Oxford UK). While competing long read sequencing platforms exist, they were not evaluated in this Student Genomics pilot and will not be discussed further. Unless otherwise noted, reagents and software were purchased from Oxford Nanopore Technologies. Briefly, stock plasmid was diluted to 5 ng final amount in milliQ water and processed with Rapid PCR Barcoding kit SQK-RPB004 along with 10 other barcoded samples (not discussed further in this manuscript) following ONT protocol RPB_9059_V1_REVA_08MAR2018. Two DNA polymerases were evaluated (barcode 10 used LA Taq (Takara); barcode 11 Taq (SigmaAldrich). Libraries were loaded onto a MinION flow cell version R9.4.1 and a 48-hour sequencing run was completed with MinKNOW (version 1.10.11) on a mid 2010 MacBook Pro (Apple Inc. Cupertino CA USA) with 16 Gb RAM and 2.7 GHz dual-core i7 processor (Intel Corp., Santa Clara CA USA). Residual reads from subsequent runs were pooled for final analyses. Raw data was base called (converted from fast5 to fastQ format) with Albacore version 2.3.4 (older base caller), Guppy version 2.3.1 (current official), and FlipFlop (development Guppy) on a compute cluster. At the time, only albacore allowed for direct demultiplexing. Guppy (guppy_barcoder) provided similar functionality by providing a summary file with read ID and barcode, and grep was used to pull read length and mean read quality (Supplemental Figure 1) from guppy_basecaller summary file.
Demultiplexed basecalled reads were fed into Canu version 8 implemented on a cluster [8] . Genome size was estimated to be 16 Kb from agarose gel of undigested, but naturally degraded pHXB2 (data not shown). Alignments to reference were made with BWA-MEM [9] , implemented in Galaxy (usegalaxy.org) [10] . To down sample data from barcode 10/LA Taq sample, I used seqtk_sample, seed 1, (Heng Li, Broad Institute) to take the amount of data (file size) in barcode 11 and divided by the amount of data (file size) in barcode 10. Seqtk was implemented in Galaxy. SAMTOOLS Flagstat [11] was used for mapping stats from BAM files from BWA-MEM, implemented in Galaxy. SnapGene version 4.3.4 was used to manually annotate contigs from Canu. Blastn (NCBI) was used to identify unknown regions of pHXB2.
Statistics
Two-tailed Mann-Whitney U tests were used to compare distributions. P-values are reported over brackets delineating relevant comparisons. Calculations and graphing were done with GraphPad Prism for macOS version 8.0.2.
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RESULTS
In one of the two barcoded experiments, I achieved extremely high coverage of pHXB2 (median per-base coverage of over 9000x) (Figure 1) . In addition to kilobase-long reads, at least one read spanned the entire HIV genome (Figure 2) . I assembled the previously undefined plasmid pHXB2 relative to the previously published HXB2 reference from libraries made with either high fidelity or standard DNA polymerases (Figure 3) . Genome assembly was done using Canu (a command-line utility recommended by most in the long DNA field). Canu's final output is a set of contiguous (Figure 4 and Table 1 ).
These mismatches were seen in all Canu assemblies and verified in IGV and/or SnapGene.
This represents a ~0.2% divergence (20/9717) from the reference, which was assumed to 7 have perfect identity (0% divergence). Transitions were more common (14/20) , and curiously falls in line with a previous report of increased transitions over transversions in infection models, because transversions are more likely to be deleterious to viral replication (i.e.: to cause protein-coding changes) [12] . Indeed, less than half (9/20) of the observed SNPs occurred in protein-coding regions, even though 92% of HXB2 is coding (per reference, 791/9719). Of those 9 SNPs in protein-coding regions, 4 caused nonsynonymous mutations. Note that one of those occurs in a region overlapping both gag and pol regions, however only pol exhibited a non-synonymous change from valine to isoleucine (in p6, at position 2259 relative to HXB2). Other non-synonymous variants occurred at 4609 (in p31 integrase, arginine to lysine), 7823 (in ASP antisense protein, glycine to arginine), and 9253 (in nef, isoleucine to valine).
As previously reported [13] , per-read variability was higher near homopolymers (runs of the same base) (Supplemental Figures 2) . At the level of consensus (made from sequences mapped to reference HXB2), homopolymers contributed few, if any, obvious errors. While dips occurred at certain points near homopolymers, the consensus did not change at the sequencing depth used in this study for either barcoded pHXB2 samples, or for down sampled high-coverage data (Figure 1) . Another interpretation is that homopolymers tend to seem truncated with ONT, with more reads in support of shorter homopolymers. Canu assemblies showed base caller-variability (Supplemental Table 1 ). That said, newer base callers tend to produce fewer gaps. The ratio of per-read deletions to per-read insertions (DEL/INS) was much higher for SNPs occurring at homopolymers and near the same base, and this difference was maintained between all base callers used (Supplemental Figure 3) . 
First complete pass over all HIV information in reference plasmid
HIV provirus is believed to occur naturally as one or a few reverse-transcribed DNA forms integrated into the host nuclear genome. Depending on where integration occurs, local GC or AT content might cause problems for detecting integrants. HIV also has conserved transitions from areas of higher GC content (~50%) to content approximating average human GC content (~40%). To avoid sequencing bias from PCR and to accommodate for the potential heterogeneity of HIV sequences, I fractionated whole sample directly (as opposed to PCR-barcoding select amplicons) with tagmentation provided in the Rapid PCR-Barcoding kit (ONT). Tagmentation uses transposon-mediated cleavage and ligation of barcode adapters for later PCR amplification. A consequence of this fractionation was a distribution of reads (see Supplemental Figure 1A ) shorter than longer reads reported elsewhere for ONT experiments [14] . Based on this distribution and the level of coverage, it was expected that HIV might be covered from end to end, but this would have been exceptional. That said, an example is presented here (see Figure 2 ).
Errors in a reference plasmid of HIV-1 HIV is the most studied human pathogen. By leveraging long reads with the MinION, I was able to find mutations in highly repetitive LTRs, in addition to mutations in protein-coding regions. Two independent experiments (PCR-barcoded libraries made with Takara Long Amplicon Taq and Sigma-Aldrich Taq master mixes) yielded at least 20 single nucleotide variants which differed from the reference sequence. These 20 SNPs were concordant between both experiments, and across the three base callers used. Other differences between the PCR-barcoded samples may be due to PCR amplification errors, which may yield asymmetric base differences (a site with one predominant allele in one experiment). Another possibility may be plasmid admixture in the reference stock. The latter may be more likely in the event of symmetric differential calling (example, a site which differs from the reference, but is called as two or three different bases at equal ratios). Such sites represent a challenge for conventional (i.e. non-long read) sequencing modalities. The pHXB2 sequenced was a reference plasmid, with unknown divergence between the published reference for HXB2. In this study I was also able to confirm that the backbone of this plasmid is from pBR322, aiding in the continued use of this important reagent, and illustrating the need of full-length reagent validation in all clonal viral lines moving forward. I suggest that all sequences tagged for use in clinical settings likewise be sequence-verified at the level of single-molecule sequencing, lest preventable errors go unchecked.
Improvement in ONT base callers within the past year
Albacore, Guppy, and FlipFlop basecallers were compared. Each produced reads of similar length distributions (relative to polymerase used), while Guppy and FlipFlop produced improved and best performance relative to quality score distributions (see Supplemental Figures 1B) . Interestingly, while read length distributions were affected by fidelity of polymerases evaluated in this work, mean quality distributions were not. This is important because of the differences in cost between higher fidelity enzymes and classic Taq. In consideration of library prep, choice of enzyme used should be based on the desired read length distribution. Regarding read mapping, the increase in mean quality score between these base callers didn't change overall mapping much given longer reads (data not shown), but did facilitate demultiplexing, resulting in approximately ~10% increases in barcoded libraries (shift in reads from unclassified to a given barcode).
FlipFlop tended to handle homopolymers better than previous base callers.
Homopolymers in HXB2 tended to exhibit apparent deletions near 5' ends of homopolymers (upstream due to technical artifact in BWA-MEM), but because consensus is conserved (example, at least 80% of base in called read set is identical to reference), it is unlikely that any of the homopolymer deletions are real in these experiments.
Current limitations of the approaches used in the present study are 1.) the cost of long-read sequencing, regardless of platform, compared to the cheaper short reads from sequencing by synthesis, 2.) long DNA extraction methods, and 3.) the lower per-base accuracy (low-mid 90's vs. 98-99%). As the price of long-read sequencing decreases, as the hardware and software used in base calling improve, and as library protocols improve, the cost of obtaining usable data from long reads will become negligible compared to the ability to answer historically intractable questions. Future work will include optimizing DNA extraction protocols with the goal of capturing high-coverage fuller glimpses of each HIV proviral integration site in in vivo HIV models and patient samples. This work has broad implications for all cells infected by both integrating and non-integrating viruses, and for the characterization of targeted regions in the genome which may be recalcitrant to previous sequencing methods. Long read sequencing is an 11 important emerging tool defining the post-scaffold genomics era, allowing for the characterization of anatomical landmarks at the genomic scale. Purple is an insertion in a given read relative to reference. White is either a deletion in a given read or space between two aligned reads. Note that per-read "insertion" and "deletion" do not necessarily represent true insertions or deletions actually present in the sample. Automated assembly followed by manual consensus building converts these overlapping reads into approximations of the ground truth. Visualized in Integrated Genome Browser [15] . TGTTGTACTTCGTTCAATGGAATTTGGGTGTTTAGCGGTTCTTTACCGTGACAAGCGTTGAAAACGCTGTCCTCTCCGTTTTCGTGCGCCGCTTCAATGTGTATAATATACATATGTATATGTATAATGTATATATGTATCTGTGTATATATCTTGCATTTTTGTAGAAAAAAACAGAAAATATAGAAGTTTATAAGAA  CTAACACTTTCTTACATAACAAAACGAAATGTTCGAACTACGTAACTAAAATGATGAAAAATATTCCCAGTATCACTGCCTGTTTGGATGTGGCTATCAGAGGTTTATTTTCCCCTTTCTTGTTTGCTCTTTAAGTCAATCTGGCCCCCATGGCCTCCTGACTCTGTGACTCGGCACCAGCACTGTGGCCCCTTCATTT  ACATTTGATAACTGTAGAGAGATTATTATAATCCTGCTCATTAGACAGATCAATCTGAAGTTGGCAAGTTTTTAAATATAACTACCTATTTTTAAAAAGGGATGCCTTTAGTTTAGTTAACAATATATACTGCACATTTTGTTTTAAAAGGCCTGTTTACTACCACTGATTAACTATATGCCCACTGAGGCAACTCCTT  CTTTTGTTTTTATTCAAATATTTACTAATTACCAGGACTCCTGTGTGCTAATACAATGGTGCTCTACTTTCTCACCTATATACTAGGGGAGACCCAAGCACTATCACCCATACCTCTGAGCTTCCTAACTGGGTTACTCTAGTTAACTAAGTAACTCAAGCTAGCCAAAATCATCCCAAACTTCCCACCCCCATACCTA  TTACCACTGCCAATTACCTGTGGTTTCTTTACTCTAAACCTGTGATTCCTCTGAATTATTTTCATTTTAAAGAAATTGTATTTGTTAAATATGTACTACAAACTTAGTAGTTGGAAAGACTAATTCACTCCCCAAAGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCTGATTAGCAGAA  CTACACACCAGGGCCAGAGATTCGGATATCCACTGACCCCTTTGGATGGTGCTACAAGCTAGTACCAGTTGAGCCAGATAAGGTAGAAGAGGCCAATAAAGGAGGGGAGCACCAGCTTGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGAGAGAGATGTTAGAGTGGAGGGTTTGACAGCCGCCTAGCAT  TTCATCGTGGCCCGAGCTGCATCCGGGTACTTCAAGAACTGCTGATATCGAGCTTGCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGTGGCCTGGGCGGGACTGGGGGTGGCGAGCCCTCAGATCCTGCATATAAGCAGCTGCTTTTGCCTGTACTGGGTCTCTGAGTTGAACCAGATCTGAGCCTGGGAG  CTCTCTGGCTAACTAGGGGGGGCACTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGGTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTGGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGGCGAAAGGGAAACCAGAGGAGCTCTCGGCGCAGGAC  TCGGCTTGCTGAAGCGCGCACGGCAAGAGCGAGGGGCGGCGACTGTTGAAGTACGCCAAAAATTTTGACTAGCGGAAGGCTAGAAAGGAGAGATAGGTGCGGAAAGCGTCAGTATTAAGCGGGGAAATTAGATCGATGGGAAAAATTCGGTTAAGGCCAGGGAAAAGAAAAATATAAATTAAAACATATGGTATGGGCA  AGCAGGGAGCTAGAACGATTCGCAATTAATCCCTGGCCTGTTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAAGAACTTAGATCATTATATATAATACAGTAGCAACCCTCTATTGTGTGCATCAAAGGATGAGATAAAAGACACCAAGGAAGCTTTAGACA  AGATAGAGGAAGAGAGCAAAACAAAAAGTAAGAAAAAAAGCACAGCAAGCAGCAGCTGACACAGGACACAACAATCAGGTCAGCCAAAATTACCTATAATTGCAGAACATCCAGGGGCAAATGGTACATCAGGCCATATCACCTAGAACTTTAAATGCATGGGTAAAAAGTAGTAGAAGAGGCTTTCAGCCCAGGAGTG  ATACCCATGTTTTCGAAAACATTATCAGAAGGAGCCACCCCACAAGATTTAAACACCATGCTAAACACAGTGGGGACATCAAGCAGCCATGCAAATGTTAAAGAGACCATCAATGAGGAAGCTGCAGAATGGGATAGAGTGCATCCAGTGCATGCAGGGCCTATTACACCAGGCCAGATGAGAGAACCAAGGGGAAGTG  ACATAGCAGGAACTACTAGTACCCTTCAGGAACAAATAGGATGGATGACAAAATAATCCACCTATCCCAGTAGGAGAAATTTATAAAAGATGGATAATCCTGGGATTAAATAAAATAGTAAGAATGTATAGCCCTACCAGCATTCTGGACATAAGACAAGGACCAAAAGAACCCTTTAGAGACTATGTAGACCGGTTCT  ATAAAACTCTAAGAGCCGAGCAAGCTTCACAGGAGGTAAAAAATTGGATGACAGAAACCTTGTTGGTCCAAATGCGAACCCAGATTGTAAGACTATTTTTAAAAGCATGGGACCAGCGGCTACACTAGAAGAAATGATGACAGCATGTCAGGGAGTAGAGGACCCGGCCATAAGGCAAGAGTTTTGGCTGAAGCAATGA  GCCAAGTAATACAAATTTACCATAATGATGCAGAGAGCAATTTTAGGAACCAAAGAAAGATTGTTAAGAGGTGTTTCAATTGTGGCAAGAAGGGGCACACAACCAGAAATTGCAGGGCCCCTAGGAAAAGGGCTGTTGGAAATGTGGAAAGGAAGGACACCAAATGAAAGATGTGTACTGAGAGACAGGCTAATTTTTA  GGGAAGATCTGGCCTTCCTACAAGGAGGCCAGGGAATTTATCCAGAGCAGACCAGAGCCAACAGCCCCACCAGAAGAGAGCTTCAGGTCTGGGGTAAGAGACAACAACTCCTCAGGAAGCGGGAGCCGATAGACAAGGAACTGTATCCTTTAACTTCCCTCGGGTACTCTTTGGCAACGACCCCTCGTCACAATAAAGA  TAGGGGGCAACTAAAGGAAGCTCTGTGTTAATTACAGGAGCAGATGATACAGTATTGAAATGAGTTTGCCGGGAAGATGGAAACCAAAAATGATAGGGGGAGTGGAGGTTTTATCAAAAGTAAGACAGTATGATCAGATACTCACTTAGAAATCTGTGGACATAAAGCTATAGGTACAGAGTATTAGTAGGACCTACAC  TACAATCGACATAATTGGAAGAAATCTGTTGACTCAGATTGGTTGCACTTTAAATTTTCCCATTAGCCCTATTGAGACTGTACAGTAAAATTAAAGCCAGGAATGGATGGCCCAAAAGAAAGTTAAACAATGGCCATTGACAGAAGAAAAACAAAAGCATTAGTAAAAATTTGTACAGAGGTGGAAAAGGAAGGAGAAA  ATTTCAAAAATTGGGCCTAAAATCACTTCTTACTCAGTATTTTACATAAAGAAAAAGACAGTACTAAATGGAGAAAATTAGTAGATTTCAGAGAACTTAATAAGAGAACTCAAGACTTCTGGGAAGTTCAGTGTGAATACCACATCCACTTTGGGGTTAAAAAGAAAAATCAGTAACAGTACTGGATGTGGGTGATATA  TTTTTCCAGTTCCCTTAGATGAAGACTTCAGGAAATATACTGCATTTACCATACCTAGTATAAACAATGAGACACCAGGGATTAGATATCAGTACAATGTTAACTACACAGGGATGGAAAGGATCACCAGCAATATTCCAAAGTAGCATGACAAAAATCTTGAAACCTTTTAGAAAACAAAATCAGACATAGTTATCTA  TCAATACATGGATGATGATTTGTATGTAGGATCTGACTTAGAAATAGGGCAGCATAGAACAAAAATAGAGGAGCTGAGACAACATCTGTTTGGGGGTGGGGACTTACCACACCAGACAAAAAACATCAGAAAGAACGCACTCCATTCCTTTGGATGGGTTATGAACTCCGTACGATAAATGGACGAGGTACAGCCTATG  GTGCTGTGCCAGAAAAGAAAGACAGCTGGACTGTCAATGACATACAGGAAGTTAGTGGAAATTGAATTGGGCAGTCAGTTGCCCGAGAGTTAAAAATAGGCAATTATGTAAACTCCTTAGAGAGGAACCAAGAAAAGCACTAACAAGTGTACCACTAACAGAGAAGCAAGAGCTGAGGCAGCCGAAAACAGAGAGATTC  TAAAGAACCAGTACATGGGTGTATTATGACCCATCAAAAGACTTAATAGCAGAAATACAGAAGCAGGGGCAAGGCCAAAATGGACACATATCAAATTTATCAAGAGCCATTTAAAAATCTGAAACAGGAAATATGCAAGAATGAGGGTGCCCACACTAATGATGTAAACAATTAACAGAGGCAGTGCAAAAGTAGCCAC  AGAAGCATGGTAATATGGGAAAGACTCCTAAATTTAAACTGCCCATACAAAAGGAAACATGGGAAACATGGTGGACAGGTATTGGCAAGCCACCTGGTTCACAATGAGTTTGTTAATACCCCTCCTTTAGTGAAATTAGGTACCAGTTAGAGAAAAGAACCCATAGTAGGAGCAGAAACCTTCTATGTAGATGGGGCAG  CCAACAGATAAATTAGGAAAAGCAGGATATGTTACTAATAGAGGAAGACAAAAAGTTGTCCACCTAACTGACACAACAAATCAGAAGACTGAGTTACAAGCAATTTATCTAGCTTTGCAGGATTCGGGATTAAGTAAACATAGTAAAAGCAGACTCACAATATGCGTAGGAGTCATTCAAGCACAACCAGATCAAAGTG  AATCAGGGTTAGTCAATCAAATAATAGAGCAGTTAATAAAAAAGGAAAAGGTCTATCTGGCATGGGTACCAGCACACAAAGGAATTGGAGGAAATGAACAAGTAGATAAATTAGTCAGTGCTGGAATCAGGAAAGTACTATTTTTAGATGGAATAGATAGACCCAAGGTGAACATGAGAAATAGCACAGTAATTGGAGA  GCAATAACAGTGAGTTACAACCTGCCACCTGTGGTAGCAAAGAAATAGTAGCCAGCTGTGATAAATGTCAGCTAAAGAAAGGAGAAATACATCATGGACAAGTAGACTGTAGTCAGGAATATGGCAACTAGATTGTACACATTTAAGGAAGGAAAAGTTATCCTGGTAGCAGTTCATGTGGCAGTGGATGCTATAGAAG  CAGAAGTTATTCCAGCAGAAACAGGGCAGGAAACAGCATATTTTCTTTAAAATTAGCAGGAAGATGGCCAGTAAAAACAATACATACAGACAATGGCGGCAATTTCACCAGTGCTACGGTTAAGGCCGCCTGTTGGTGGAGGCGGGAATCAAGCAGAATTCCCTACAATCCCCAAAGTCAAGGAGTAGTAGAATCTATG  AATAAAGGATTAAAAGAAAATTATAGGACAGGTAAGAGATCGAGGCTGAACATCTTAAGACAGCAGTACAAAATGGCAGTATTCATCACAATTTAAAAGAAAAGGGGGATTGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAATTCAGA  ATTTTGGGTTTATTACAGGGACAGAAATCCACTTTGGAAAGGACCCGTAAGCTCCTCTGGAAGGTGAAGGGCAGTAGTAATACAAGATAATAGTGACATAAAGTAGTGCCAGAAGAAAAGCAAAAGCCATTGGATTATGGAAAACAGATGGCAGGTGATGATTGTGTTGGCAAGTAGACAGGATGAGGATTAGAACATG  GAAAAGTTTAGTAAAACACCATATGTATGTTCAGGGAAGAAGCTAGGGGATGGTTTTATAGACATCACTATGAAAGCCCTCATCCAGGAATAAGTTCAGAAGTACACATCCCACTAGGGGGGATGCTAGATTAATAACAACATATTGGGGTCTGCATACAGGAGAAAAGAGACTGACACATTTGGGTCCAGGGGTCTCC  ATAGAATGGAGGAAAAGAGATTATAGCACACAAGTAGACCCTGAACTAGCAGACCAACTAATTCATCTGTATTGCTGACTGTTTTGAACTCTGCTATAAGAAAGGCCTTATTAGGACACATAGTTAGCCCCTAGGTGTGAATATCAAGCTGGGACATAACAAGGTAGGATCTCTACAATACTTGGCATAGCAGCATTAA  TAACACCAAAAAGATAAAGCCACCTTTGCCTAGTGTTACAGAAAACTGACAGAGGATAGATGGAACAAGCCCCAGAAGACCAAGAGACCTGAGGGAGCCACACAATGAATGGACACTAGAGCTTTTAGAGGCTTAAGAATGAAGCTGTTAGACATTTTCTAGGATTTGGCTCCATGGCAAGACAACATATCTATAAACT  TATGGGGATACTTGGGCACAGGAGTGGAAGCCATAATAGAATCTGCAACAACTGCTGTTTATCCATTTTCAAATTGAATTGTCGACATAGCAGAATAGGCGTTACTCGACAGAGGAGAGCAAGAAATGGAGCCAGTAGATCCTAGACTAGAGCCCTGGAAGCATCAGGAAGTCAGCCTAAACTGCTTGTACCAATTGCT  ATTGTAAAAGTGTTGCTTTCATTGCCCAAGTTTCATAACAAAAGCCTTAGGCATCTCCTATGGCAGGAAGAAGCGGAGACAGCGACGAAGAGCTCATCAGAACAGTCAGACTCATCAAGCTTCTCTATCAAAGCAGTAAGTAGTACATGTAACGCAACCTATACCAATAGCGCAATAGTAGCATTAGTAAGTAGCAATA  ATAATAGCAGCAATTGTGTGGTCCATGAAAAGTAATCATAGAATATAGGAAGAGAATATTAAGACAGAAAAATAGACAGGTTAAATTGATAGACTAATAGAAGGCAGAAGACAGTGGCAATGAGAGTGAAGGAGAAATATCAGCACTTGTGGAGATGGGGTGGAGATGGGGCACCATGCTCCTTGGGATGTTGATGATC  TGTAGTGCTTTACTTAGAAAAATTGTGGAATACAGTCTATTATGGGGTACCTGTGTGGAAGGAAAGCAACCTACTCTATTTTGTGCATCAGATGCTAAAGCATATGATACAGAGGTACATCAATCATTTAGGAGCCACACATGCCTGTGTACCCTGGGAACCCCAACCCACAAGAAGTAGTATTGGTAAATGTGACAGA  AAATTTTAACATGTGGAAAAATGACATGGTAGAACAGATGCATGAGGATATAATCAGTTTATGGGATCAAAGCCTAAAGCCCATGTAAAATTAACTTACTCTGTGTTAGTTTAAAGTGCACTGATTTGAAGAATGATACTAATACCAATAGTAGTAGCGGAGAATGATAATGGAGAAAGGAGATAAAAACTGCTCTTTC  AATATCAGCACAAGCAAAAAATTGGAGTGCAGAAAGAATATGCATTTTTATAAACTTGATATAAATACCAATAGATAATGATACTACCAGCTATAAGTTGACAAGGAGTTGCCTTTCAGTCATTACACAGGCCTGTCCAAAGGTATCCTTTGAGCCAATTCCATACATTATTGTGCCCCGGCTGGTTTTGCGATTCTAA  AATGTAATAATAAGGCACGTTCAATGGAACAGGACCATGTACAAATAAATCAGCACAGTACAATGTACACACATGGAATTAGGCCAGTAGTATCAACTCAACTGCTGTTAAATGGCAGTCTAGCAGAAGAAGAGGGTAGTAATTAGATCTGTCAATTTCACGGACAATGCTAAAACCATAATAACAGCTGAACACATCT  GTAGAAATTAATTGTACAAGACCCAACAACAATACAAGAAAAAGAATCCGTATCCAGAGAGGGACCAGGAGGCATTTGTTACAATAGGAAAAATAGGAAGTATGAGACAAGCACATTGTAACATTAATAGTGAGCAAATGGAATAACACTTAAAACAGATAGCTAGCAAATTAAGAGAACAATTTGGAAGCCAACCAAA  ACAATAATCTTTACTTAATCCTCAGGAGGGACCCGAAATTGTAACACTTACAGTTTTGGTGTGGAGGGAATTTTTTCTACTGTAATTCAACACAACTGTTTAATAGTACTGGTTTAATAGTACTTGGAGTACTGAAGGGTCAAATAACACTGAAGGAAGTGACACAATCACCCTCCCATGCAGAATAAAACAAATTATA  AACATGTGGCAGAAGTAGGAAAAGCAATGTATGCCCCTCCCATCAGTGGACAAATTAGATGTTCATCAAATATTACAGGGCTGTATTAACAAGAGATGGTGGTAATAGCAACAATGAGTCCGAGATCTTCAGACCTGGAGGGAGAATGTAGAGGGACAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATT  GAACCATTAGGAGTAGCACCCACCAAGGCAAAGAAAGAGTGGTGCAGAGAGAAAAAGAGCAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGAACAACCAGAACACTATGGGCGCAACGTCAATGACGCTGACGGTGCAGAGCCAGACAATTATTCTGGTATGGTGCAACAACTCAGACAAGCTGCTGAGACAGCAT  CTGTTGCAACTCACAGTCTGAAGATCAAGCAGCTCAGGCAAGAATCCTGGCTGTGGAGAATACCTAAAGGATCAATAGCTCTGAGTTTGGGGTTGCTCTGGAGAAACTCATTGCACCACTGCTTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTTGATCACACGACCTGGATGGAGTGGGACCA  GAGAAAGTAACAATTACACAAGCTTAATACACTCCTTGGTGAAGAATCGCAAAACCAGCAAGAAAAAGAATGAACAAAAATTATTGGAATTAGATAAATGGGCAAGTTTCTTGTGGAATTAGGTTTAACATAACAAATTGGCTGTGTATAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTT  TGCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCAACCCCGAGGGGACCCGACAGGCCCGAAGAATAGAAGAAGGTGGAGAGAGAGACAGATCCATTCGATTAGTGAACGGATCCTTGGCACTTATCTGGGACGATCTGCGGAGCGCATCGTCTTCAGCTACCACC  GCTTGAGACACTCTTGATTGTAACGAGGATTGTGGAACTTCTGGGACGCAGGGGGTGGAAGCCCTCAAATATTGGTGGAATCTCCTACAGTATTGGAGTCAGGAGCTAAAGAATAGTGCTGTTAGCTTGCTCATTCTACAGCCATAGCAGTAGCTGAGGGGACGGGCGATAGGGTTATAGAAGTAGTACAAGGAGCTTG  GCATGAGCTATTCGCCACATACCTAGAAAAAGGAGAATAAGACAGGGCTTGGAAAGGATTTTTGCTATAAGATGGGTGGCAAGTGAATGGTCAAAAAGTAGTGTGATTGGATGGCCTACTGTAAGGAAAGAATGAGACAGGCTGAGCCAGCAGCAGATAGGGTGGGGAGCAGCATCTCGAGACCTGGAAAAACATGGAG  CAATCACAAGTAGCAATACAGCAGCTACCAATGCTGCTTGTGCCTGGCTAGAAGCACAAGAGGAGGAGGAGGTGGGTTTTCAGTCACACCTCCGCCTTTAAGACCAATGACTTACAAGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGACTGGGAGGGCTAATTCACTCCCAAAGAAGACAAGATATCCT  TGATCTGTGGATCTACCACACACAAGAGCTACTTCCCTGATTAGCAGAACTACACACGGGGCCAGGGGTCGAATGTCCACTGACCTTTGGATGGTGCTACAAGCTAGTACCAGTTGGGAGGCAGATAAAGGTAGAAGAGGCCAATAAAGGAGAGAACACCAGCTTGTTACACCCTGTGAGCCTGCATGGGATGGATGAC  CCGGAGAGAAAGTGTTAGAGTGGAGGTTTGACAACCGCCTAGCATTTCATCCACGTGGCCGGGTGCATCCGGAGTACTTCAGAAACTGCTGATATCGGAGCTTGCTAGGGACTTTCCGCTGGGGGACTTTCAGGGAGGCGTGGCCTGGGCGGGACTGGGGTGGCGAGCCCTCAGATCCTGTAAGCAGCTGCTTTGCCTG  TACTGGGTCTCTCTGGTTAGACCAGATCTGACCTGGGAGCTCTCTGGCTAACTAGGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTAGTAATGTCTTA  TTATTCAGTATTTATAACTTGCAAAGGAATGAATATCAGGGAGTGAAGAGAGCCTTGACATTATAATAGATTTAGCAGGAATTGAACTAGACACACAGGCAAAGCTGCAGAAATTTGGAAGAAGCCACCAGAGATGCTACGATTCTGCACATACCTGGCTAATCCCAGATCCTAAGGATTACAGTTTACTAACATTTAT  ATAATGATTTATAGTTTAAAGTATAAACTTATCTAATTTACTATTCTGACAGATATTAAATTAATCTCAAATATCATAAGAGATGTATCCCCATTAACCTGAAACTGAGAGGGAAAGATGTTGAAGTAATTTTCCCACAATTACAGCATCCGTTAGTTACGACTCTATGATCTTCTGACACAAATTCCATTTACTCCTC  ACCCTATGACTCAGTCGAATATATCAAAGTTATGGACATTATGCTAAGTAACAAATTACCCTTTTATATAGTAAATACTGAGTAGATTGAGAGAAGGAAAAATTGTTTGCAAACCTGAATAACTTCAAGAAGAAGAGGTGAGGATAAAATTAACAGTTGTCATTTAACAAGTTTTAACAAGTAACTTGGTTAGAAAAGG  GATTCAAATGCATAAAGCAAGGGATAAATTTTCTGGCAACAGAACTATACAATATAACCTTAAATATGACTTCAAATAATTGTTGGAACTTGATAAAACTATTAAATATTATTGAAGATATCAATATTATAAATGTAATTTACTTTTAAAGAATGTGTATCATTAGAGTAGAAAACAATCCTTATTATCACATTTTGTC Visualized in Integrated Genome Browser [15] . Gray indicates per-base consensus accuracy  80%. and Albacore (bottom) base called reads.
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